The residual buildup and treatment of dissolved contaminants in low permeable zones (LPZs) is a particularly challenging issue for injectionbased remedial treatments. Our objective was to improve the sweeping efficiency of permanganate into LPZs to treat dissolved-phase TCE. This was accomplished by conducting transport experiments that quantified the ability of xanthan-MnO 4 solutions to penetrate and cover (i.e., sweep) an LPZ that was surrounded by transmissive sands. By incorporating the non-Newtonian fluid xanthan with MnO 4 -, penetration of MnO 4 into the LPZ improved dramatically and sweeping efficiency reached 100% in fewer pore volumes. To quantify how xanthan improved TCE removal, we spiked the LPZ and surrounding sands with 14 C-lableled TCE and used a multistep flooding procedure that quantified the mass of 14 C-TCE oxidized and bypassed during treatment. Results showed that TCE mass removal was 1.4 times greater in experiments where xanthan was employed. Combining xanthan with MnO 4 also reduced the mass of TCE in the LPZ that was potentially available for rebound. By coupling a multiple species reactive transport model with the Brinkman equation for non-Newtonian flow, the simulated amount of 14 C-TCE oxidized during transport matched experimental results. These observations support the use of xanthan as a means of enhancing MnO 4 delivery into LPZs for the treatment of dissolved-phase TCE.
Introduction
Removing chlorinated solvents from contaminated groundwater is recognized as one of the most difficult problems associated with groundwater pollution. 1 Research results from the last 30 years have shown that past pump and treat approaches as well as many other in situ treatments have failed to restore complex aquifers back to drinking water standards. [2] [3] [4] Remedial approaches like in situ chemical oxidation (ISCO) by permanganate (MnO 4 -) have been used for some time, but the success of this approach depends upon whether the oxidant comes in contact with the chlorinated solvents. This in turn is dependent upon the heterogeneity of the aquifer and whether the oxidant effectively sweeps or covers the intended target zone.
Contaminants migrating from DNAPL source zones will often diffuse from transmissive regions into low permeable zones (LPZs). This residual buildup of dissolved contaminants in LPZs over time becomes particularly challenging for ISCO treatments because these less permeable areas are usually bypassed during treatment. Moreover, once the injected oxidant has traversed the transmissive zones, contaminants in LPZs will eventually diffuse back into the surrounding higher permeability flow zones via matrix diffusion, a process known as rebound and one that has been documented to occur at numerous ISCO sites. [5] [6] [7] [8] [9] [10] [11] [12] To address the treatment of chlorinated solvents in LPZs, shear-thinning polymers have been used as a coinjected remedial agent to increase the viscosity of the displacing fluid. [13] [14] [15] [16] [17] [18] [19] [20] By increasing viscosity, fluid mobility in higher permeable strata is reduced, and this reduction in mobility promotes cross-flow into adjacent lower permeable strata. The net result is a more unified coverage of the injected fluid across heterogeneous formations. [20] [21] [22] Although several researchers have documented the success of using shear-thinning polymers, like xanthan, to combat the heterogeneity-induced bypassing of surfactants (e.g., , the coupling of shear-thinning polymers with oxidants for use in ISCO applications has received less attention. Smith et al. 23 provided the first evidence that xanthan was compatible with permanganate and could be used as a polymer-enhanced chemical oxidation treatment for PCE. Their research provided important groundwork for further studies aimed at chemically oxidizing chlorinated solvents in low permeable zones. McCray et al. 24 showed that xanthan increased the sweeping efficiency of MnO 4 into LPZs (containing nonaqueous phase PCE) and improved the percentage of PCE oxidized, which they inferred by the moles of MnO 4 - consumed. In this present study, we quantified how xanthan directly improved the permanganate-induced oxidation of TCE during transport by using a two-dimensional (2D) flow cell containing transmissive and low permeable zones that were spiked with dissolved-phase 14 C-TCE. Our objective was to improve the sweeping efficiency of MnO 4 into low permeable zones to treat TCE and reduce the potential for rebound. This was accomplished by determining the viscosity-shear rate relationship of various MnO 4 -xanthan solutions and then conducting multiple transport experiments where injection volumes and MnO 4 -xanthan concentrations were varied. The criteria used to evaluate the various MnO 4 -xanthan treatments included visual coverage of the LPZ (via time lapse photography), the percentage of 14 C-labeled TCE oxidized in the effluent, and the amount of TCE bypassed during treatment. Experimental results were then used in model development where we coupled a multiple species reactive transport model with the Brinkman equation for non-Newtonian flow to simulate the oxidation of 14 C-TCE during transport.
Materials and Methods
Experimental details on rheology measurements (i.e., viscosity-shear rate relationships) and how the temporal stability of xanthan-MnO 4 solutions was quantified are provided in the Supporting Information (SI). Materials and methods used in the transport experiments including construction of the 2D tank (Figure SI-1), chemicals (Table S1 ) and soils used, procedures to create transmissive and low permeable zones, and sampling protocol of 2D tank effluent are also provided in the Supporting Information. Transport Experiments. Prior to flooding the 2D tank, we exchanged the air space in the tank with CO 2 for 60 min. This prevented entrapped air pockets from forming in the tank during flooding. 25 All transport experiments started by flooding the tank with dissolved-phase TCE (500 mg L -1 ), which was prepared and stirred at least 24 h prior to use. We used a 3-L collapsible (i.e., zero headspace) Tedlar bag (Zefon, Ogala, FL) 26 equipped with a stainless steel valve fitting to minimize TCE volatilization and adsorption. In all transport experiments, solutions were spiked with 14 C-TCE ( 14 C-uniformly labeled-TCE, Moravek Biochemicals, Brea, CA, specific activity: 5 mCi mmol -1 ) to produce an initial activity of 2500 dpms mL -1 . Inlet flow into the 2D-tank was controlled by a HPLC pump at a consistent flow rate of 3 mL min -1 . Given the pore volume (PV) of the tank and a flow rate of 3 mL min -1 , the time for one pore volume to pass through the column was approximately 163 min. After 5 PV of solution had passed through the tank, multiple effluent samples were collected and analyzed to confirm consistency in 14 C-activity.
Initial floods of xanthan and MnO 4
were prepared 2 h prior to the start of the experiments. Two types of flooding procedures were used in our transport experiments, namely, a conventional flood and multiple-step flooding procedure (Table S2 ).
In a conventional flood, the 2D-tank received either 2 PV (Exps. 1A-1B) or 0.5 PV of an initial flood (Exps. 1C-1F). The initial eluent was either (i) 441 mg L -1 (3 mM) CaCl 2 ·H 2 O (dyed red with 5% (v/v) food dye; Exp 1A) and mixed with 500 mg L -1 of xanthan; (ii) 4000 mg L -1 MnO 4 -(Exps. 1B-1C); or (iii) 4000 mg L -1 MnO 4 with varied concentrations of xanthan (Exps. 1D-1F; Table S2 ). After 0.5 PV had been injected into the 2D tank for experiments 1C-1F, the eluent was switched to a background concentration (CaCl 2 solution; 441 mg L -1 ) which was used to simulate groundwater flow for 1.50 PV. A digital camera (Canon 870 IS) was used to record solute movement and coverage of the LPZ.
Six additional experiments (Exps. 2A-2F) were conducted using multiple-step flooding (Table S2 ). The experimental sequence consisted of three stages: an initial flood (0.25 PV), a secondary flood (2.75 PV), and a mobilization flood (1.50 PV) for a total of 4.50 PV. A 500 mg L -1 xanthan solution was prepared from the stock solution and mixed with either MnO 4 or CaCl 2 for the initial flood. After 0.25 PV of initial flood, eluent was switched to a secondary flood of CaCl 2 for 2.75 PV. Then, a 500 mg L -1 xanthan solution was used as a mobilization flood to displace any residual dissolve-phase TCE left (i.e., bypassed) in the 2D tank (with the exception of Exp. 2B, which used H 2 O). Time lapse photography was again used to record solute movement.
Sample Collection Protocol. In the multiple-step flooding experiments, we monitored the eluent for changes in 14 C-activity. Once the transport experiment began, effluent samples were periodically collected every 15 to 45 min with gastight Luerlock needles fitted to the exit sampling ports. We used the procedures of Kriegman-King and Reinhard, 27 to differentiate between 14 C-TCE, 14 C-degradation products, and 14 2). The Brinkman equation is a generalization of Darcy's law, which accounts for the production of an effective viscosity 29 and has previously been used to simulate non-Newtonian flow in porous medium. 30 
For both Equations 3 and 5, μ ∞ was equal to the viscosity of water. Parameters a, b, and μ 0 were estimated by fitting the measured shear rate and viscosity data for shear rate less than 6 s -1 , using the power law model (Equation 3). Focusing on this region allowed us to overcome the numerical problems associated with the extremely steep reduction in viscosity at high shear rates. In all the experiments, simulated shear rate was generally less than 6 s -1 . For the xanthan-MnO 4 solution, μ 0 was treated as a function of MnO 4 -, by fitting the measured viscosity at a shear rate of 0.1 s -1 to the MnO 4 concentration:
The values for variables a, b, and μ 0 are listed in the Supporting Information (Table S3 ). Transport Model. Advection dispersion reaction (ADR) equation for multiple species transport was used to simulate solute transport and reaction: (7) where C is the concentration of the species (kg/m 3 ), D is dispersion coefficient (m 2 /s), R is the reaction rate [kg/(m 3 ·s)], and i represents the simulated species, including xanthan, MnO 4 -, TCE, and a lumped reaction product. No reaction was applied to xanthan. A second order reaction was considered for the MnO 4 and TCE reaction:
Here, k is the second order reaction rate constant [m 3 / (kg· s)]. The same rate value was applied for the generation of a lumped reaction product. Details of model implementation including software used and boundary conditions imposed are provided in the Supporting Information.
Results and Discussion
MnO 4 -Effects on Xanthan Viscosity. Previous researchers have observed an increase in viscosity with increasing xanthan concentrations 19, 20 attributed in part to the intermolecular interaction that increases the macromolecule dimensions. 18, 32 Results from our viscometer experiments also showed that increasing xanthan concentrations increased the solution viscosity across all shear rates ( Figure 1A) . At xanthan concentrations of 125 or 250 mg L -1 , viscosities were relatively constant at shear rates less than 3 s -1 (i.e., Newtonian plateau); at higher shear rates, viscosities decreased with increasing shear rates ( Figure  1A ). Differences in viscosities among xanthan solution concentrations were most evident at low versus high shear rates. For example, at the 3 s -1 shear rate, viscosities spanned several hundred centipoise (cP), whereas at the shear rate of 200 s -1 , the viscosities of all solutions were ≤10 cP ( Figure 1 ).
To determine how MnO 4 concentrations influenced the viscosity-shear rate relationship, a 500 mg L -1 xanthan solution was mixed with varying MnO 4 concentrations (1250-10000 mg L -1 ), and viscosities were measured immediately. Results showed that increasing MnO 4 concentrations increased the apparent viscosity of the solution in both Newtonian and non-Newtonian flow regions ( Figure 1B ). As observed with xanthan alone, treatment differences were more pronounced at low shear rates. Collectively, viscosity measurements for xanthan solutions tested with and without MnO 4 -( Figure 1B ) showed that xanthan was compatible with MnO 4 -, and overall a similar viscosity-shear rate relationship was observed.
When higher MnO 4 and xanthan concentrations were both used (12500 mg L -1 MnO 4 -; 1000 or 1250 mg L -1 xanthan), viscosities values were the highest recorded ( Figure 1B ). Although the increased salinity of additional mono-and bivalent cations have been shown to decrease polymer solution viscosity, 13 especially at high shear rates (500-5000 s -1 ) 33 , Smith et al. 23 indicated that xanthan was more resistant to the effects of cations in solution than other polymers. By systematically evaluating the effects of ionic strength on solution rheology, Zhong et al. 18 showed that increasing Na + and Ca 2+ ions (0-50 mg L -1 ) decreased the viscosity of xanthan, but at high xanthan concentrations, the opposite trend was observed. In an earlier study, Zhong et al. 16 also reported a slight increase in viscosity across shear rates between 0.1 and 100 s -1 when 600 mg L -1 xanthan was mixed with 6000 mg Na + L -1 versus 400 mg Na + L -1 . While the associated cation from the permanganate salt may be responsible for increasing the viscosity of the xanthan solutions ( Figure 1B ), the fact that permanganate reacts with xanthan to some degree means that the intermolecular bonding between the MnO 4 and xanthan as well as the products produced (e.g., MnO 2 ) could also have contributed.
We also quantified the temporal stability of the xanthan-MnO 4 solutions and found that the viscosities of the xanthan-MnO 4 solutions significantly declined with holding times >12 h and that this instability consequently inhibited "aged" xanthan-MnO 4 solutions from penetrating the LPZ during transport. A detailed description of experiments that support this conclusion is provided in the Supporting Information section (Figures SI-2-SI-5).
MnO 4 -Penetration into LPZ and 14 C-TCE Mass Recovery Using Conventional Flooding. Multiple transport experiments were performed and photographed to systematically evaluate the ability of xanthan to increase the penetration of permanganate into the low permeable zone ( Figure 2 ). Variables adjusted included the initial and secondary flooding solutions, xanthan concentrations, and pore volumes of initial floods (Table S2 ). Sweeping efficiency 16, 33 was qualitatively defined as the percentage of LPZ that was visibly covered by the flooding solution as a function of pore volume (method details provided in the SI). A graph displaying sweeping efficiencies of the various treatments is provided in the Supporting Information (Figure SI-6 ). Initial transport experiments injected 2 pore volumes of either xanthan (500 mg L -1 ) or MnO 4 -(Exps. 1A-1B). Using xanthan alone, the injectate front moved nearly perpendicular to the direction of flow (i.e., ~90° tilt angle) and effectively swept through the LPZ ( Figure  2 , Exp. 1A). Previous publications have reported similar observations. [13] [14] [15] [16] [17] Using MnO 4 alone, considerable bypass around the LPZ was observed, even after injecting 2 pore volumes of MnO 4 into the 2D tank ( Figure 2 , Exp. 1B). To verify that the visual coverage of the LPZ by permanganate corresponded with actual TCE oxidation, we selectively sampled the pore water in and around the LPZ during transport (Exp. 1B). We sampled the transmissive zone up gradient and down gradient of the LPZ as well as inside the LPZ (Figure 3 ). Results confirmed that the two sampling points not visually covered by MnO 4 had the highest 14 C-TCE activity remaining in solution, with one sampling point in the center of the LPZ still registering the starting fluid concentration (i.e., C/C o = 1). These results confirm that the five pore volumes of dissolved TCE initially used to condition the 2D tank (prior to injecting the treatments) dispersed TCE throughout the LPZ and that bypass of the LPZ by the migrating MnO 4 left some of the LPZ pore water at the initial starting concentration.
When the volume of the initial flood was reduced to 0.5 PV and followed by a secondary flush of 1.5 pore volumes of CaCl 2 , we again observed that injecting MnO 4 alone (Exp. 1C) covered mainly the transmissive zone and only penetrated 50% of the LPZ (Figure 2 ). When xanthan was included in the initial flush (Exps. 1D-1F), sweeping efficiencies increased to >80%, with the 500 mg L -1 xanthan concentration yielding the highest sweeping efficiency (92%, Figure SI (Table S2 ). The first step introduced a smaller pore volume of injectate (0.25 PV) in an attempt to get closer to realistic oxidant volumes used in field applications. The second step followed the initial flood with background solution for 2.75 PV. Then, to ensure that all untreated TCE was displaced from the 2D tank and could be used to determine mass balance calculations, the third step was to inject 1.5 PV of xanthan solution to displace fluid from the tank (i.e., mobilization flood).
The delivery of oxidant into the LPZ can be observed by the calculated sweeping efficiencies ( was part of the initial flood, significant differences between treatments were observed. In Experiment 2A, the xanthan MnO 4 mixture was stirred for 24 h prior to use. Because xanthan started to lose its viscosity, most of the oxidant stayed in the transmissive zone and sweeping efficiency only reached 40% (Figure 4 ). When MnO 4 was injected by itself, the sweeping efficiency was 75% at 3 PV. However, when xanthan was also included (Exp. 2F), the sweeping efficiency reached 100% after 2.1 PV. Finally, a comparison of displacing fronts, with and without xanthan, shows that gravity under ride was observed with MnO 4 alone (Exp. 2E, Figure SI (Figure SI-7) .
Displacing Untreated Dissolved-Phase TCE with Xanthan. Because the 2D tank was saturated with 14 C-labeled, dissolve-phase TCE, flooding the system allowed us to monitor temporal changes in 14 C-activity in the effluent. By using xanthan in the displacement flood (Step 3), we supplanted any 14 C that was not oxidized or displaced by the initial or secondary floods (Steps 1 and 2). Given that rebound or back diffusion is attributable to the release of chlorinated solvents from low permeable zones back into transmissive zones, once the transmissive zones have been treated, the use of xanthan as a displacement flood provided a means of showing which treatment could be potentially vulnerable to rebound. Plotting 14 C-activity in the effluent as a function of pore volume (Figure SI-9 ) revealed that some treatments produced a small but separate 14 C-breakthrough curve (BTC) during the displacement flood. The initial flood treatments that produced these secondary BTCs were the control (Exp. 2C), MnO 4 alone (Exp. 2E), and the MnO 4 --xanthan solution that was aged overnight (Exp. 2A). By comparison treatments where xanthan was present in the initial flood (Exps. 2D and 2F) showed no evidence of a secondary BTC. These results only confirm what was visually observed. Namely, those treatments that resulted in incomplete coverage of the LPZ (Figure SI-8 ) and, hence, had low sweeping efficiencies (Figure 4 , Figure SI-6 ) were the ones that have the potential to produce rebound. 14 C-TCE Oxidized During Transport: Experimental and Simulated Results. Given that the use of xanthan in the initial flood improved the sweeping efficiency of MnO 4 into the LPZ and reduced the mass of TCE left in the LPZ, the final question remaining was how much did xanthan improve the overall oxidation of TCE during transport. Given that the TCE is pushed out as the oxidant is pumped in, it is often difficult to quantify treatment differences in short, finite-length tanks. Nonetheless, because our sampling protocol allowed us to differentiate the effluent into 14 C-TCE, 14 C-degradation products, and 14 CO 2 , the amount of cumulative 14 C-TCE oxidized ( 14 C-products and 14 CO 2 ) could be calculated ( Figure 5 ). Results show that the majority of oxidized products started to elude from the 2D tank after ~1 PV and likely included oxidized products produced in and around the LPZ.
When only MnO 4 was used in the initial flush (Exp. 2E), the percent TCE oxidized after 4.5 pore volumes was 28.9% and represents TCE oxidized in the transmissive zone and a portion of the LPZ. When xanthan was mixed with MnO 4 and injected immediately (Exp. 2F), the amount of 14 C-TCE oxidized increased to 40.8%. This higher rate of oxidation obviously resulted from a greater percentage of the LPZ being treated (100% sweeping efficiency at 2 PV) but also by the fact that the MnO 4 traversed faster in the transmissive zone on both sides of the LPZ and engulfed the LPZ after approximately 1 PV (see photos in Figure 6 ). This means MnO 4 was present at the backside or down gradient of the LPZ when the dissolved-phase TCE was being pushed out of the LPZ.
To date, there have only been a few attempts to numerically simulate polymer flow into LPZs. Zhong et al. 16 successfully modified the Subsurface Transport Over Multiple Phases (STOMP) simulator to predict the flow of xanthan into low permeable zones. Recently, Silva et al. 19, 20 advanced these modeling efforts by using the University of Texas Chemical Composition (UTCHEM) simulator, which accounts for shearthinning rheology and also includes polymer retention and acceleration parameters. To our knowledge, the coupling of non-Newtonian flow with reactive transport has not been undertaken. By taking such an approach and coupling a reactive transport model with the Brinkman equation (Equations 1-8), we were able to simulate the amount of 14 C-TCE oxidized during transport, with and without xanthan ( Figure 5 ).
In these simulations, the permeability of the LPZ and the reaction rate in the transmissive zone were treated as the fitting parameters and were obtained by trial and error ( Table S3 ). The permeability of the low permeable zone was adjusted by comparing the simulated polymer movement in the LPZ with the time-lapse photos ( Figure 6 ). The reaction rate in the transmissive zone was adjusted by comparing the simulated mass of TCE oxidized with measured values. Sensitivity analysis of Experiments 2E and 2F found that the product of the reaction rate constants (k TZ , k LPZ, m 3 /kg·s) and Peclet numbers (Pe TZ , Pe LPZ ) for the transmissive zone (TZ) and the LPZ were constant: k TZ × Pe TZ = k LPZ × Pe LPZ (9) The Peclet number in the transimissve zone (Pe TZ ) and LPZ (Pe LPZ ) were estimated as (vd 50 )/D*, where v is the corresponding average fluid velocities of the domain during MnO 4 injection, d 50 is the estimated median grain sizes (Table S3), and D* is the TCE diffusion coefficient. Equation 9 was used to estimate k TZ . When MnO 4 was injected alone (Exp. 2E), our simulated transport of permanganate did not mimic the gravity under ride we observed in the transmissive zone because density was not accounted for in the model. However, the model was able to approximate the temporal sweeping efficiency of the LPZ ( Figure 6A ). When MnO 4 was paired with xanthan, the model closely mimicked MnO 4 movement by engulfing the LPZ and leaving TCE in the bottom right-hand corner of the LPZ as the last area to be swept by the migrating permanganate ( Figure 6B ). This simulated cross-flow was created by the pressure and viscosity distribution generated in the transmissive zone and the LPZ, which resulted from the shear-thinning rheology of including xanthan with MnO 4 in the initial flood. Additional sensitivity analyses of the validated numerical model showed that xanthan still improved the oxidation of TCE in the LPZ even when the permeability contrast between the transmissive and LPZ zones was increased 10-fold. We also found that reducing the flow rates would lead to higher removal rates, due to longer reaction times.
Although a number of physical and biological factors must first be considered before using xanthan under field conditions, 18 our experimental and simulated results support combining xanthan with permanganate as a means of increasing the mass of dissolved-phase TCE oxidized in low permeable zones and reducing the potential for rebound.
Supporting Information
Details of experimental procedures and further explanation of results are presented following the References. precipitates observed in the experimental units ( Fig. SI-4) . 207
High viscosity reduces the mobility of the fluid in the higher permeability strata, 208 which in turn promotes cross-flow into adjacent strata of lower permeability (Silva et al., 209 2012) . The instability of xanthan with holding times could hinder the xanthan-MnO 4 -210 solutions from creating cross-flow between layers of different porosities (i.e., different 211 shear rates). Given that the higher the viscosity difference (∆µ), the better the xanthan 212 performs in penetrating low permeable zones, we calculated viscosity differences at 213 shear rates of 3 and 200 s -1 , rather than concentrating on declines in viscosity at one 214 shear rate. When the viscosity-shear rate relationship was measured immediately (T = 0 215 d), a 46 cP difference (∆µ), was observed for the xanthan solution ( Fig. SI-2A ). By T = 9 216 d, ∆µ of the xanthan solution had dropped to 29 cP. This decrease indicates some 217 instability that may be due to biodegradation, which has previously been shown to 218 reduce viscosity Martel et al., 1998; . By 219 comparison, ∆µ of solutions containing MnO 4 -(both 2500 and 10000 mg L -1 ) showed 220 significant decreases when holding times were longer than 12 h. For instance, at T = 9 221 d, ∆µ decreased to 6.72 cP, an 82.5% decrease ( Fig. SI-2C) . Contaminant 131.39 1.48 (1) 0.58 (2) 1101 (1) Sigma Aldrich (ACS grade) 
